The field of organic electronics has recently attracted significant attention with its promise of efficient, versatile, and cheap devices. Displays, solar cells, transistors, and sensors can be fabricated on flexible and large-area substrates. For such applications, the crucial role of the interface between the organic semiconductor and the charge-injecting electrodes, other organic layers, or gate dielectric is now widely acknowledged. In molecular electronics, an entire device usually consists of a single molecule or monomolecular layer, and the role of the interface is even more important since the interface is essentially the device itself.
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Over the years, several approaches for tuning interfacial properties in organic devices have been developed. These include matching the electronic levels of electrodes and organic semiconductors, using charge-transport or blocking layers, or doping the interfacial region with strong donors or acceptors. Of particular relevance to our work is the use of polar self-assembled monolayers 1 and highly electron-poor (or rich) molecules that experience strong charge transfer from or to the metals. 2 In this context, our research seeks to provide a fundamental understanding of the microscopic electronic properties of metal/organic interfaces. Our goal is to develop general guidelines for molecular interfacial design and to help avoid pitfalls that would result in optimizing the wrong parameters.
We are particularly interested in studying how the work function of an electrode is modified by an interfacial layer. The immediate consequences for the electron and hole injection barriers (EIBs and HIBs) are shown in Figure 1 (left), and the resulting shift in the current-voltage characteristics of an organic diode structure in Figure 1 (right). We are also investigating how the electronic levels within a self-assembled monolayer (SAM) align relative to the metal states. This effect is of particular importance in molecular electronics applications, where the SAM is the active element of the device. In our work, we used first-principles band structure calculations based on density functional theory. We focused on developing systematic relations between the chemical structure of molecules attached to metal surfaces and the electronic structure of the resulting interfaces. The applied methods were carefully benchmarked by calculating various experimentally known quantities. 3 We first showed that modifying the ionization potentials and electron affinities of individual molecules by end-group substitution made it possible to tune the work function of the SAM-covered metal and of the EIBs and HIBs. To our surprise, however, the alignment between molecular and metallic states was not modified. 4 In other words, energetic level alignment cannot be tuned by tinkering the chemistry of the backbone but rather by altering the docking chemistry of the groups that link the conjugated molecules to the metal. 5 Combining both schemes should therefore in principle allow independent tuning of the work function and the level alignment. Note that our results are valid for densely packed monolayers, and can be sub- stantially different when reducing the coverage 6 or applying mechanical stress to the molecules. 7 Another interesting case is encountered when inserting an alkyl spacer between the metal and the conjugated part of the SAM. In this scheme, the metal electrons are decoupled from the π-electrons (electrons that are weakly bound by nuclear reactions) in the conjugated system. The result is the 'metal/insulator/semiconductor' structure shown in Figure 2 . 8 The situation can become considerably more complex when molecules lie flat on metal surfaces. For example, in the case of the strong acceptor F4TCNQ, we observed a delicate balance between forward and backward charge transfer between the metal, the π-states of the molecular core, and the -CN substituents that, together with molecular distortions, determines the work function modification. 9 Figure 3 presents a 3D representation of the simulated charge rearrangements that occur on bonding.
Figure 1. Simplified schematic representation of how tuning the metal electrode work function (E F , blue arrow)-e.g., by using a polar selfassembled monolayer (SAM)-modifies the EIBs and HIBs of an organic semiconductor (left). The right panel illustrates the effects on the current-voltage characteristics
In conclusion, we have found that a fundamental understanding of the electronic structure of metal/organic interfaces is essential for knowledge-based tuning of the relevant electronic quantities. Since some relevant parameters cannot be determined by experiment, quantum-mechanical modeling can significantly contribute to achieving that understanding. Our future work will focus on the role of monolayer and substrate imperfections, as well as extending calculations to the interfaces between organic and inorganic semiconductors.
